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Recent observations, particularly from the HESS Collaboration, have revealed rich Galactic popula-
tions of TeV gamma-ray sources, including a collection unseen in other wavelengths. Many of these
gamma-ray spectra are well measured up to 10 TeV, where low statistics make observations by air
Cˇ erenkov telescopes difficult. To understand these mysterious sources, especially at much higher
energies—where a cutoff should eventually appear—new techniques are needed. We point out the
following: (1) For a number of sources, it is very likely that pions, and hence TeV neutrinos, are produced;
(2) As a general point, neutrinos should be a better probe of the highest energies than gamma rays, due to
increasing detector efficiency; and (3) For several specific sources, the detection prospects for km3
neutrino telescopes are very good, 1–10 events/year, with low atmospheric neutrino background rates
above reasonable energy thresholds. Such signal rates, as small as they may seem, will allow neutrino
telescopes to powerfully discriminate between models for the Galactic TeV sources, with important
consequences for our understanding of cosmic-ray production.
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I. INTRODUCTION
The field of TeV gamma-ray astronomy is exploring
energy regimes that have been, until recently, out of reach
to astrophysicists. Yet, even as the catalog of TeV sources
continues to grow, it is still debated whether the observed
gamma rays are produced leptonically, through the inverse
Compton scattering of energetic electrons on ambient pho-
tons (e ! e), or hadronically, through neutral pion
decay (0 ! ). Air Cˇ erenkov telescopes, such as
HESS, can measure a source spectrum with high precision
for E  1–10 TeV [1]. One might hope that as we probe
higher energy gamma rays, indications of their true origin
would be revealed. However, at energies * 10 TeV, the
difficulties of gamma-ray astronomy become more pro-
nounced, due to the low statistics of the quickly declining
signal spectra (see Fig. 1).
It is well established that a distinctive feature of a pionic
(hadronically produced) gamma-ray spectrum is an accom-
panying flux of neutrinos [2–5]. These neutrinos originate
from the decay of charged pions (, ), which are
produced in approximately equal numbers with neutral
pions in proton-proton scattering. Relative to gamma-ray
telescopes, the new km3 neutrino telescopes [6,7] will have
several advantages that result in improved performance at
the highest energies. The rapidly falling atmospheric neu-
trino background, rising neutrino-nucleon cross section
(N  E), and increasing muon range, which effectively
expands the (already large) detector volume (R  lnE),
all help to amplify the diminished flux at these energies. In
fact, as the background quickly becomes negligible in the
TeV range, the detection of any high energy neutrinos from
a source could significantly indicate a hadronic production
mechanism.
Neutrino telescopes have capabilities far beyond break-
ing the degeneracy between leptonic and hadronic produc-
tion models. Spectral features in the highest energy regime,
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FIG. 1 (color online). Ranges over which gamma-ray and
neutrino observations can measure a source spectrum (E ’
E=2, E ’ E=4). Squares are HESS measurements of Vela
Jr., fit by a power law (dashed line). Neutrino telescopes can
probe higher energies to distinguish between pionic spectra with
cutoffs (dot-dashed lines) by measuring the -induced muon
and shower spectra. Muon rates of NE > 1 TeV  3–6 yr1
correspond to the dot-dashed lines (see Sec. IV), illustrating the
sensitivity of neutrino observations.
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especially an expected cutoff (related to the maximum
accelerated proton energies), shall not remain inaccessible
to observation. Measurement of the energies of neutrino-
induced muons and showers, which are related to the
original charged pion energy, can probe the source proton
spectrum in a complementary manner to gamma-ray ob-
servations, which effectively measure the neutral pion
spectrum [8,9]. The sensitivities of these two independent
approaches, including the regime where they coincide, are
illustrated in Fig. 1. The ability to accurately measure
neutrino-induced muon spectra greatly improves the pros-
pects for detecting point sources, as the harder source
spectra dominate the atmospheric background above
1 TeV. While muon tracks have better angular resolution
( & 1), neutrino showers (  10 in water) more faith-
fully trace the spectrum. Shower observations, which mea-
sure the e and  fluxes, when combined with muon data,
also allow for the study of the ratio of neutrino flavors
arriving from a source [10,11].
Considering the latest observations of Galactic TeV
sources, we calculate the corresponding spectra of detect-
able neutrino-induced muons and showers, assuming only
that the observed gamma-ray spectra are pionic, for a range
of possible high energy cutoffs in the spectra. Relative to
analyses in which the total numbers of signal and back-
ground events are counted (e.g., Ref. [12]), a maximum
likelihood analysis would have much more power. For
example, below 1 TeV, a single event has a much greater
probability of being the background than at 10 TeV, where
the source signal is dominant. Spectra allow for such an
approach, which takes full advantage of experimental data,
in studying the high energy behavior of TeV sources.
Resolving hadronic activity at these extreme energies
would provide clear evidence concerning the sources of
Galactic cosmic rays [13].
Atmospheric cosmic-ray showers give rise to high rates
of down-going muons, forcing a neutrino telescope to
search for up-going muons resulting from neutrino inter-
actions. IceCube is well situated to utilize the high resolu-
tion of these -induced muons in observing northern-sky
sources. However, a detector is needed in the northern
hemisphere to accurately locate southern-sky neutrino
sources, although IceCube may also measure shower rates
from particularly bright sources. Together, IceCube and a
km3 Mediterranean detector will provide full-time cover-
age of the entire sky, a feature distinct to neutrino tele-
scopes. The combined observations from these detectors
can be used to study compound objects, like the Vela
complex, by: (1) Discovering neutrino sources through
high-resolution -induced muons; (2) Confirming agree-
ment with gamma-ray observations in the low energy
regime; (3) Examining previously unexplored energies
using muons and showers together.
The sources that we examine in detail are briefly dis-
cussed in Sec. II. Our empirical calculations, based upon
observed TeV spectra, should be compared with previous
Galactic neutrino studies, which have considered theoreti-
cal production models or less recent data (e.g. Refs. [14–
25]). In two very recent works, by Lipari [8] and Kappes,
Hinton, Stegmann, and Aharonian [9], a similar approach
to ours has been followed, with complementary perspec-
tives and details.
II. PROMISING TEV NEUTRINO SOURCES
Vela Region—Of particular interest amongst prospec-
tive neutrino sources, the shell-type supernova remnant
(SNR) Vela Jr. (RX J0852:24622) is one of the brightest
objects in the southern TeV sky. The hard, intense TeV
gamma-ray spectrum of Vela Jr., best explained as being
pionic in nature, makes it an intriguing object to study [26].
Additionally, the morphology of the TeV emission may
make this one of the most interesting astrophysical neu-
trino sources. HESS has also measured a TeV spectrum
from Vela X, the pulsar wind nebula (PWN) associated
with the larger Vela SNR, and advanced a leptonic origin
[27]. However, if this spectrum is instead pionic, as pro-
posed in Ref. [28], the accompanying neutrino flux would
be easily detectable. The nondetection of neutrino events
from such an intense source would allow for a significant
test of leptonic production in a short period of observation.
Galactic Center Diffuse Emission—HESS has also re-
cently discovered a region of diffuse TeV emission from
the Galactic Center ridge [29]. This source has several
interesting features which merit further investigation. The
large extent of the emission, hardness of the spectrum, high
gas density (which is well correlated with the TeV emis-
sion), and strong magnetic fields in the region leave very
little doubt that this spectrum is pionic [29]. In addition, the
total flux from this region is actually about twice as intense
as that of the previously discovered source coincident with
Sgr A [30]. Measurement of the accompanying neutrino
flux would provide an independent confirmation of the
means of production, something which has never been
possible.
Unknown Knowns and Known Unknowns—We also
examine the neutrino detection prospects of other known
TeV sources, including SNR RX J17133946, the spec-
trum of which has been measured twice by HESS and
determined to likely be pionic [31,32]. The calculated
-induced muon fluxes based upon the two different
sets of HESS data illustrate the effects of different high
energy spectral assumptions. Recently, HESS has reported
the discovery of 4 TeV sources in the Galactic plane which
have no apparent counterparts at other wavelengths
[33,34]. In addition to these, EGRET previously discov-
ered numerous unidentified sources of GeV gamma rays in
the Milky Way [35]. The confirmed observation of neutri-
nos from these sources would also reveal an intimate
connection between TeV gamma rays and cosmic rays.
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Furthermore, the understanding of these and other gamma-
ray sources may account for the TeV excess [36].
III. BASICS OF NEUTRINO DETECTION
In high energy p-p scattering, , , and 0 are
produced in nearly equal numbers [37]. Gamma rays are
the result of the decay 0 ! , while neutrinos originate
from the  !  ! e e and  !   !
e e  decay channels. The ratio of neutrinos to pho-
tons from pion decay is easily found. From charged pion
decay, the resulting initial neutrino flavor ratio, e::,
is 1:2:0. During the traversal of astrophysical distances,
vacuum neutrino oscillations transform this ratio to 1:1:1.
In neutrino telescopes, neutrinos and antineutrinos are
practically indistinguishable. We can then consider their
sum,  , and average the cross section in all calcula-
tions. All further references to neutrinos will imply  .
Thus, for equal pion multiplicities, each photon from 0
decay corresponds to one neutrino of each flavor (N 
Ne  N  N  N). The typical energy of the neu-
trinos resulting from these decays is 1=2 of the gamma-
ray energy from 0 decay. The resulting   spectrum is
then shifted, relative to the source gamma-ray spectrum of
d=dE  E , as
 
d
dE


1
2

1
E  E ; (1)
where we consider each neutrino flavor separately.
We will generally refer to the normalization of the
gamma-ray spectrum as , the differential photon flux
at 1 TeV (in TeV1 cm2 s1), which is commonly used in
gamma-ray astronomy. Typical source gamma-ray spectra
have   5–20	 1012 TeV1 cm2 s1 and 
1:8–2:4. For greater detail on the relationship between
the initial proton spectrum and the resulting product spec-
tra, see Ref. [38]. Pions can also be produced, in a different
ratio, in p- scattering, but this is generally only important
at much higher energies [39]. A neutrino flux may be
observed through neutrino-induced muons and electro-
magnetic (and hadronic) cascades, which are referred to
as showers. We shall consider both methods in further
detail.
A. Muon detection
Our analysis of muon detection will be limited to 
charged-current (CC) events with an observable final en-
ergy of E > 0:5 TeV, which can be detected through their
Cˇ erenkov emission with an angular resolution of & 1
[40]. It is important to recognize that the relevant quantity
in these events is the measured energy of the muon, which
can be reconstructed from radiative losses in the detector
[41–44]. As muons can be produced far outside of
the detector, with energy loss prior to entering, results of
calculations are given in terms of E (at the detector)
instead of E.
We can consider -induced muons produced both in-
side and outside of the instrumented volume of the detec-
tor. Contained event rates can be found by combining the
neutrino flux, detector mass, and CC for neutrino-nucleon
scattering. We use the average of the -N and -N cross
sections, as computed in Ref. [45], and hyEi from
Ref. [46]. We consider a detector that is entirely composed
of, and enclosed by, water (ice), with a km2 detector area,
which is a reasonable approximation at these energies.
Using an IceCube-like effective detector area, such as
computed in Ref. [47], would lead to the lower energy
muon spectrum being slightly suppressed. An actual km3
detector will be situated on top of solid rock, which will
enhance the upward-going neutrino-induced muon rates
relative to our calculations. Also, muons produced via
 CC interactions, which contribute to the total muon
flux through the 
 ! 
 decay channel, will not
be considered [37,48,49]. Our formulas follow those of
Gaisser [37,50], with appropriate approximations. Con-
sidering the uncertainties in both the gamma-ray spectra
and neutrino telescope performance, which may not be
fully understood until the actual detectors are calibrated,
as well as the low statistics, our calculations are sufficient
for the scope of this work.
Using these parameters, the spectrum of contained
-induced muon events is calculated as
 
dN
dE

cont
 Vdet ddE e
E=Ecut CCEe ; (2)
where Vdet is the detector volume, Ecut is an assumed
exponential cutoff in the neutrino spectrum, and the term
  NA	Th1 yEi1 takes into account observation
time (T), normalization of the muon spectrum, and the
molar density of water. The energy of the produced
muon is related to the original neutrino energy as E 
h1 yEiE. The term e , with   NA
totE,
accounts for neutrino attenuation due to scattering within
Earth. Here, tot  CC  NC and 
 is the average
column depth (in cm.w.e.) of Earth based upon the decli-
nation of the source [46]. This attenuation factor only
becomes important at E * 10 TeV, and varies with dec-
lination, as discussed in Ref. [8].
A high energy muon born outside of the detector may
still be detectable when it enters the instrumented detector
volume. To find the propagation range of a muon, we
assume an average continuous muon energy loss of
 
dE
dX
  E; (3)
where   2:0	 106 TeV cm2 g1 and   4:2	
106 cm2 g1 [42,48]. Integrating the average energy
loss results in a range for a muon of initial energy E of
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 RE;Ef  1 ln
 E
 Ef

; (4)
where Ef is the energy of the muon as it enters the
detector. As the muon range (typically a few km) increases
with energy, so does the effective volume of the detector.
The observed through-going spectrum, accounting for the
probability of observing a muon entering the detector with
energy E, can then be calculated as
 
dN
dE

thru
 NA	TAdet
 E
	
Z 1
E
dE
d
dE
eE=Ecut CCEe ; (5)
where Adet is assumed to be 1 km2. It should be noted that
our use of the total CC and hyi may overestimate the muon
signal rates by 20%–30% (perhaps more for spectra
harder than E2). However, the atmospheric background
will also be overestimated by a similar, even slightly larger
amount.
B. Shower detection
For bright point sources or low surface brightness ex-
tended sources, shower events caused by e,  CC inter-
actions can be used to effectively determine the source
spectrum. To detect shower events, they must be at least
partially enclosed within the instrumented volume. The
shower signal is dominated by e and  CC events, which
transfer 100% of the original neutrino energy to the
shower (Esh  E). The measurable shower spectrum,
given in terms of the observed shower energy Esh,
 

dNsh
dEsh

CC
 2NA	TVdet ddE e
E=Ecut CCEe ; (6)
then effectively traces the original neutrino flux, as the
neutral-current (NC) events from all three flavors, which
only contain Esh  hyNCiE (in addition to the smaller
NC), only account for <10% of the total signal.
Combined shower and muon observations would deter-
mine the =e   ratio arriving from a source. This
measured flavor ratio has many applications, as detailed in
Refs. [10,11,51,52]. The atmospheric e flux is only about
1=20 of the  background, which itself only adds to the
shower background through the weaker NC channel, since
 CC interactions are identifiable by the resulting muon
tracks. We will not consider the prompt background, which
is the only source of atmospheric , as it only becomes
important at very high energies [53]. These facts
help offset the lower angular resolution of these events
( & 10 is expected for a Mediterranean detector [54],
& 25 for IceCube [40]), which sets the background event
rate. The improved shower resolution of a Mediterranean
detector, as compared to IceCube (which is naturally lim-
ited by light scattering in ice), increases the value of
showers in determining the high energy properties of a
source.
C. Neutrino spectroscopy
To demonstrate the ability of a neutrino telescope to
differentiate between various spectral properties, we first
consider a general object with a fixed   20	
1012 TeV1 cm2 s1 (at 1 TeV) and assume a source
declination of   10. The resulting up-going muon
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FIG. 2 (color online). A demonstration of the sensitivity of
neutrino telescopes to varying spectral characteristics. Shown
is the (base-10 log) differential (  )-induced muon
spectra for a pionic source spectrum with   20	
1012 TeV1 cm2 s1. In the upper panel, the lines of decreas-
ing height correspond to spectral indices of   1:8, 2.0, 2.2, and
2.4, with an exponential cutoff Ecut  50 TeV. In the lower
panel, the lines of decreasing height correspond to neutrino
spectrum cutoffs of 100, 50, 25, and 10 TeV, with a fixed spectral
index of   2:1. Each line corresponds to 1 yr of observation.
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fluxes for a range of spectral indices and high energy
exponential cutoffs, for 1 yr of IceCube observation, are
shown in Fig. 2. In the top panel, we consider spectral
indices with   1:8, 2.0, 2.2, and 2.4, with Ecut 
50 TeV. Note that the differences are not entirely due to
differing integrated neutrino fluxes, as the rising N re-
sults in higher event rates for harder spectra. In Ref. [8],
similar results were obtained by normalizing to the inte-
grated flux above 1 TeV. The bottom panel illustrates the
effect of 100, 50, 25, and 10 TeV neutrino spectrum
exponential cutoffs for a fixed index (  2:1). IceCube
is well suited to isolate a similar point source located in the
northern sky through -induced muons within a short
period of operation. Such a source would also be observ-
able through shower events by a km3 Mediterranean de-
tector. The improved shower detection capabilities of a
Mediterranean detector would allow for a more direct
measurement of the arriving neutrino spectrum, adding
greatly to the science that can be extracted from TeV
sources.
All of our calculations are done on an empirical basis
using the average measured parameters of gamma-ray
source spectra. All high energy exponential cutoffs that
we will consider are given in terms of Ecut  1=2Ecut , to
allow for a range of calculations to be compared with
future experimental data. Angle-averaged FLUKA compu-
tations of atmospheric neutrinos past E  1 TeV are used
to determine backgrounds [55]. For ease of comparing the
expected signal to background and assessing total rates, we
will mainly provide integrated rates above a given mea-
sured energy. Because the atmospheric spectrum is very
steeply falling at these energies (  E3:5 ), it is often
advantageous to use a low energy event cutoff * 1 TeV
when calculating significance. Our method can also yield
the measured muon and shower spectra directly. Spectral
information should be used for maximum likelihood analy-
sis of observed neutrino events in a neutrino telescope, to
make the best use of measured energies in determining
detection significance. This spectral information requires
consideration of the energy resolution of the detector. In
IceCube, the energy resolution for muons and showers is
expected to be 20% and 10% in the logarithm of the
energy, respectively [40,56], which does not significantly
affect our conclusions.
Note that we present our results for an assumed muon
effective area of 1 km2, and assumed muon angular reso-
lution of & 1, both independent of energy. These results
are close to the results of detector simulations, especially
* 1 TeV, the primary area of interest [40,57]. Below
1 TeV, these assumptions are certainly overly optimistic;
however, in that range, the atmospheric background is
dominant, and so accuracy is of less importance. In regards
to the angular resolution, our assumptions are somewhat
too conservative (in particular, the improved resolution at
higher energy will help reject the background). Part of our
intent is to show the likely signals, and to encourage the
experimentalists to optimize their detector designs in order
to achieve the necessary sensitivity to observe Galactic
TeV sources. These calculations are not meant to replace a
more detailed study of neutrino source detectability,
which would include time-dependent source locations,
zenith-angle-dependent atmospheric backgrounds, angle-
dependent detector sensitivities, event reconstruction
methodologies, stochastic muon energy losses, source
modeling, etc. Each prospective source should be sub-
jected to such a full Monte Carlo simulation by the
IceCube and Mediterranean collaborations.
IV. THE VELA COMPLEX
Of the many known TeV gamma-ray sources, the shell-
type SNR Vela Jr. (RX J0852:04622) is one of the
most interesting. This southern-sky source has been ob-
served at gamma-ray energies exceeding 10 TeV by
HESS. Their analysis is suggestive of a hadronic origin
for the gamma-ray spectrum [26]. This source is
very bright in gamma rays (d=dE  21	
1012E=TeV2:1 TeV1 cm2 s1), with well-defined
regions of gamma-ray emission. Shell-type SNRs are con-
sidered to be the most likely sites of Galactic cosmic-ray
proton acceleration [58]. As these source proton spectra are
expected to be cut off near the knee (  3	 1015 eV), a
cutoff should also be present for gamma rays and neutrinos
at a lower energy scale [38]. Thus, we calculate the ex-
pected neutrino-induced muon rate assuming a pionic
spectrum with several neutrino spectrum exponential cut-
offs (50, 25, and 10 TeV), as shown in Fig. 3. When
considering emission from the entire source extension,
we must accept atmospheric background from a 7 deg2
area. Comparing the source and background muon rates,
this SNR is expected to be significantly detectable with a
km3 Mediterranean detector. For the higher cutoffs, dis-
covery may be possible in only a few years. These event
rates also suggest that ANTARES may be able to find
evidence of neutrino emission from this source [59].
A number of features make Vela Jr. unique among
prospective TeV neutrino sources. The TeV emission is
observed to originate from several regions which are sepa-
rated by 2. In addition to detecting the presence of
neutrinos, the intensity of the measured muon spectrum
may provide adequate statistics to allow an accurate loca-
tion of neutrino-production sites. Thus, this unique
gamma-ray morphology allows for the possible construc-
tion of a neutrino map of Vela Jr. This capability would
enable a comparison of the production mechanism and
high energy activity in different regions of the same source.
When observing features of the neutrino source, the total
atmospheric neutrino background enclosed is lower, which
increases their individual detectability. An example of such
a map can be seen in Ref. [60]. Further HESS observations
should provide improved resolution of the TeV emission.
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Additionally, the brightness of the source may also make
it possible to observe appreciable numbers of showers. As
a consequence of the detected showers directly tracing the
neutrino flux, spectral information may be found (even
with a slightly higher background). Figure 4 shows the
rate of showers for 1 yr of observation, compared to the
irreducible atmospheric background. With enough obser-
vation time, it may be possible to determine the neutrino
flavor ratio from this source by observing the  spectrum
with a km3 Mediterranean detector and by also utilizing
IceCube to effectively increase the shower volume (since
shower events must be located within the detector) in
measuring the e   flux.
Vela Jr. is coincident with a region of the larger Vela
SNR. HESS has also reported the discovery of TeV gamma
rays originating from the Vela PWN, referred to as Vela X
(of no relation to the HMXB Vela X-1) [27]. Vela X has a
very hard spectrum, which is best fit with a spectral index
of   1:45 with an exponential cutoff beginning at Ecut 
13:8 TeV. In their discovery paper, HESS concludes that
this emission is produced by an inverse Compton mecha-
nism. An independent analysis has considered the possi-
bility that this spectrum is produced hadronically, with an
accompanying flux of neutrinos [28]. This source is suffi-
ciently separated from Vela Jr. to independently test for
neutrino emission through muons. If we assume the entire
measured flux is pionic, then the expected -induced
muon rate is NE > 1 TeV  4:5 yr1, in a km3
Mediterranean detector, which would be relatively easy
to measure. While our calculation may somewhat overstate
the muon rate for such a hard spectrum, nevertheless, the
nondetection of a significant neutrino event excess would
indicate leptonic production.
Considering the large apparent size of the Vela SNR
shell (  8), any TeV gamma-ray emission originating
from it may be too diffuse to detect directly. Searching
for it in neutrinos is a possibility. A northern-hemisphere
detector would isolate any neutrino point source spectra
located in the region through -induced muons. Showers
have the ability to observe this entire region simulta-
neously, raising the intriguing prospect of utilizing
IceCube and a km3 Mediterranean detector in concert to
discover and study bright, but highly extended TeV neu-
trino sources.
V. GALACTIC CENTER REGION
The HESS discovery [29] of the region of Galactic
Center diffuse emission (GCD) is important for
neutrino, gamma-ray, and cosmic-ray astrophysics
[61,62]. The spectrum of the GCD was measured over
a very large region spanning the Galactic coordinates
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FIG. 4 (color online). Vela Jr. (J0852:04622)—Showers:
Integrated neutrino-induced shower rates above a given mea-
sured shower energy, with signal lines as in Fig. 3. Note that a
different energy scale is used for showers, as measurable shower
events are assumed to have a 1 TeV energy threshold.
Background rates are for a circle of 10 radius, corresponding
to the shower angular resolution in a km3 Mediterranean detec-
tor. A significant reduction in background results from improved
angular resolution. Rates are for 1 yr of operation.
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FIG. 3 (color online). Vela Jr. (RX J0852:04622)—Muons:
Integrated (  )-induced muon rates above a given mea-
sured muon energy. The long dashed, dot-dashed, and short
dashed lines correspond to neutrino spectrum exponential cutoffs
of 50, 25, and 10 TeV, respectively. The dotted line shows the
expected atmospheric background in a 7 deg2 bin, as discussed
in the text. Rates are for 1 yr of operation in a km3
Mediterranean detector.
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jlj< 0:8, jbj< 0:3 with d=dE  1:73	
108E=TeV2:29 TeV1 cm2 s1 sr1. A number of
large, dense (nH  104 cm3) molecular clouds are known
to fill this region [63]. Considering the vast extent of this
hard emission (  few hundred pc across), along with the
high target density and magnetic fields in the region, the
only reasonable production mechanism for these gamma
rays is neutral pion decay. The close morphological corre-
lation between the TeV emission and the gas distribution is
particularly compelling [29]. This TeV gamma-ray spec-
trum implies a local cosmic-ray spectrum that is much
harder and 3–9 times denser than that of the CR flux as
measured at Earth. The likely source of these cosmic-ray
protons is Sgr A, which hosts the remnant of a recent
supernova [64,65]. These pioneering conclusions were
reached in Ref. [29].
In order to calculate the expected -induced muon rate,
we must first take into account the extent of the GCD
source. The muon angular resolution of a neutrino tele-
scope at these energies (  1) covers the entirety of
the GCD. In effect, this region can be treated as a
neutrino point source. Integrating over the 1 deg2 source
region, the total photon flux is d=dE  5:2	
1012E=TeV2:29 TeV1 cm2 s1. We define the
differential flux at 1 TeV as GCD  5:2	
1012 TeV1 cm2 s1. We will not consider showers
from the GCD; however, any such study should also take
into account a similar diffuse emission around Sgr B [29].
We first consider the conservative assumption that the
GCD spectrum exhibits an exponential neutrino spectrum
cutoff Ecut  20 TeV. As a cosmic-ray production site, we
also consider a higher cutoff of 50 TeV. The expected muon
rates are shown in Fig. 5. Even though its angle-integrated
flux is larger, the GCD was revealed only after subtracting
the previously discovered TeV emission from Sgr A and a
distant SNR [30,66]. The TeV gamma-ray flux from Sgr
A, which has   0:5GCD, can reasonably be assumed
to also be pionic, as the spectral index (  2:2) is close to
the GCD value [30,67]. As the two sources are coincident,
we combine their expected muon rates, as also shown in
Fig. 5. Such an approach to calculating the total neutrino
flux was also taken in Ref. [68], where the integrated muon
rate was found. The declination of the source, along with
the latitude of the detector, determine the fraction of the
time that the source is below the horizon [24]. For the
Galactic Center this is 0:7, which is taken into account in
Fig. 5. The signal rates shown in Fig. 5, when compared to
the expected number of atmospheric events, suggest that
this source is near the threshold of discovery for the life-
time of a km3 Mediterranean detector. Discovery may be
hastened by utilizing maximum likelihood methods in
comparing the expected signal with background for each
muon event with a measured energy, as higher energy
events have a much greater significance. Such an analysis
is only possible with spectral information.
VI. A MULTITUDE OF TEV SOURCES
Numerous discoveries of new gamma-ray sources
should be expected from the HESS, MAGIC, and
VERITAS air Cˇ erenkov telescopes and the GLAST satel-
lite [69–71]. However, the characteristics of the source
spectra above 10 TeV are difficult to observe. RX
J17133946 is also a shell-type SNR, first observed in
the TeV regime by CANGAROO [72]. It has since been
observed twice by HESS with greatly improved statistics.
We consider both HESS observations to illustrate the po-
tential of neutrino telescopes to determine the high energy
behavior of TeV sources. The flux was initially reported up
to 10 TeV as a power law ( 2:19), with analysis favor-
ing hadronic production [31]. Subsequent observations
revealed a spectrum that extends to at least 40 TeV with
steepening past 10 TeV that can be fit by either an
energy dependent spectral index or an exponential cutoff
[32]. Previous neutrino studies of this source were inspired
first by the CANGAROO detection [17] and later by utiliz-
ing the more accurate 2004 HESS spectrum along with a
more detailed calculation [18]. We analyze the -induced
muon spectra from these two data sets independently,
assuming Ecut  50 TeV for the 2004 data. As seen in
Table I, the integrated rates above 1 TeV are similar.
However, at higher energies calculations based upon the
011
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FIG. 5 (color online). Galactic Center region: Integrated
(  )-induced muon rates above a given measured muon
energy. Shown are the rates from the Galactic Center diffuse
source alone (dot-dashed line) and the result of including the Sgr
A source (dashed line). Two cases are considered: a neutrino
spectrum exponential cutoff Ecut  50 TeV and a more conser-
vative cutoff of 20 TeV. The dotted line shows the estimated
atmospheric background in a 3 deg2 bin. Rates are for 1 yr of
observation in a km3 Mediterranean detector.
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old power law spectrum exhibit a deviation from the new
data. From the 2004 data, we find NE > 10 TeV 
0:3 yr1, while the 2005 data yields a rate only 1=10
of this, which highlights the sensitivity of neutrino obser-
vations to the spectrum at the highest energies. Based on
either spectrum, this SNR should be detectable in a km3
Mediterranean detector.
Amongst the HESS catalog of TeV sources are several
with no observed counterpart at any other wavelength.
Explaining the origin of these sources is a theoretical
challenge. It is possible that they represent a nontrivial
new class of astrophysical objects. With so little being
known about them at the present, the observation of neu-
trinos from these sources would yield invaluable insight
into their nature. The first of these sources is HESS
J1303631 [34]. Chandra observations revealed no likely
x-ray counterpart [73]. This source is always visible to a
Mediterranean detector. Three sources were also found in
the HESS survey of the Galactic plane that remain uniden-
tified: HESS J1614518, HESS J1702420, and HESS
J1708410 [33]. The spectral information and resulting
integrated -induced muon rates from these sources are
given in Table II. It has been proposed that HESS J1303
631 is a remnant of a Galactic gamma-ray burst (GRB),
with a harder ( 2:2) and more extended emission than
has been observed [74]. From the given predictions of the
proposed hadronic source model, we would expect
NE > 1 TeV  2:1 yr1, which is potentially verifi-
able with a km3 Mediterranean detector. From the mea-
sured spectra, detecting these sources individually may be
difficult; however, the stacking method may prove advanta-
geous. Stacking effectively increases the total observation
rate by combining the individual event rates from identical
sources [75–78]. Stacking of the observed muon data may
improve the prospects of determining whether neutrinos
are present and help unveil the mystery of these unknown
sources.
Other Galactic TeV sources with probable counterparts
may also be examined as potential neutrino sources. Many
new sources were found as a result of the HESS inner
Galactic plane survey, some of which may be SNRs [33].
MAGIC and VERITAS observations will reveal sources in
the outer regions of the plane, which has yet to be exam-
ined with an instrument of their sensitivity. Assuming that
the gamma-ray spectra already observed by HESS are
pionic, the calculated neutrino event rates for a number
of sources are shown in Table I. Several of these have
sufficient rates to consider as possible neutrino sources
independently. However, it would be difficult to signifi-
cantly detect dimmer sources over the atmospheric back-
ground. Stacking, in combination with a maximum
TABLE I. HESS Sources With Probable Counterparts:
Integrated (  )-induced muon rates, assuming a pionic
spectrum, for a 1 TeV E threshold and neutrino spectrum
exponential cutoff Ecut , for 1 yr of km3 Mediterranean detector
operation (unless noted), accounting for observable time below
the horizon. The HESS differential flux at 1 TeV is given in terms
of 1012 TeV1 cm2 s1, with spectral index .
Source   Ecut (TeV) N>1 TeV
Vela Jr. 21.0 2.1 10 3.1
(RX J0852:04622) 25 4.9
50 6.1
GC Diffuse 5.2 2.29 20 0.5
50 0.7
( GC Source) 20 0.8
50 1.0
RX J1713:73946 15.0 2.19 50 2.8
20.4 1.98 6 2.2
Vela X 9.0 1.45 7 4.5
Crab (IceCube) 33.0 2.57 50 2.7
HESS J1514591 5.7 2.27 25 0.9
50 1.1
HESS J1616508 6.0 2.35 10 0.5
50 0.9
HESS J1632478 5.5 2.12 10 0.8
50 1.5
HESS J1634472 2.0 2.38 10 0.2
50 0.3
HESS J1640465 3.0 2.42 10 0.2
50 0.4
HESS J1745303 2.5 1.8 10 0.5
50 1.2
HESS J1804216 4.7 2.72 10 0.1
50 0.2
HESS J1813178 2.7 2.09 10 0.3
50 0.5
HESS J1825137 6.0 2.46 25 0.4
50 0.5
HESS J1834087 2.5 2.45 10 0.1
50 0.2
HESS J1837069 5.0 2.27 10 0.3
50 0.6
TABLE II. Unidentified HESS Sources: Integrated (  )-
induced muon rates, assuming a pionic spectrum, for a 1 TeV E
threshold and neutrino spectrum exponential cutoff Ecut , for 1 yr
of km3 Mediterranean detector operation, accounting for observ-
able time below the horizon. The HESS differential flux at 1 TeV
is given in terms of 1012 TeV1 cm2 s1, with spectral index
.
Source   Ecut (TeV) N>1 TeV
HESS J1303631 4.3 2.44 10 0.3
50 0.5
HESS J1614518 7.0 2.46 10 0.5
50 0.8
HESS J1702420 2.5 2.31 25 0.3
50 0.4
HESS J1708410 1.5 2.34 10 0.1
50 0.2
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likelihood spectral analysis, may be used to examine the
entire group, or subgroups, of the lower-flux sources.
VII. A TEV NEUTRINO BEACON
It would be beneficial to have a bright source of TeV
neutrinos that can be seen by both IceCube and a
Mediterranean detector. The ideal source for this purpose
would have a declination in the range 10 &  & 30,
which also has the benefit of reduced neutrino attenuation
in Earth at high energies, resulting in increased muon and
shower event rates. The Crab nebula is already an accepted
standard candle in TeV gamma-ray astronomy. From
HESS measurements [79], if the entire TeV spectrum could
be attributed to hadronic processes, our methods yield an
event rate of NE > 1 TeV  2:7 yr1 in IceCube. The
Crab spectrum is relatively soft and well described by
leptonic processes [80], although AMANDA observations
hint at a neutrino signal [81]. A pionic component may be
uncovered by a significant observation of neutrino events.
The Vela complex that we have already discussed is
located in the southern sky. Only after extensive observa-
tions was the existence of Vela Jr. confirmed [82]. It would
not be surprising, then, for a similarly bright TeV source to
be discovered in the northern sky (perhaps directly through
neutrino events). The spectrum for such an object was
calculated near the end of Sec. III for a variety of spectral
indices and cutoffs. Future gamma-ray observations of this
declination range in the TeV regime may reveal another
important source for neutrino astronomy.
Multiwavelength observations of such a source would
add a rung to a TeV neutrino ‘‘distance ladder’’. Cosmic-
ray interactions in the Earth’s atmosphere generate the
nearest guaranteed neutrino source [83,84]. Similar pro-
cesses in the atmosphere of the Sun, which is at a well-
known distance, are quite likely to produce TeV neutrinos
as well [85–87]. Of the prospective sources, the Vela SNR
is estimated to be only 250–300 pc from Earth, while
Vela Jr. may be even closer [88–90]. RX J17133946 has
a distance estimate of 1 kpc [91]. At 8 kpc, the GCD is
the most distant guaranteed source with a confirmed dis-
tance. AGN, if they produce measurable fluxes of neutri-
nos, would provide a range of very remote point sources.
Measurements of neutrinos from a variety of distances
(ideally with flavor ratios) would provide important infor-
mation for testing neutrino properties at increasing L=E
(distance/energy) [22,92–100].
VIII. EGRET, THE TEV EXCESS, AND THE GREAT
UNKNOWN
The third EGRET catalog contains many unidentified
gamma-ray sources detected in the MeV-GeV range [101].
In the Whipple survey of a selected group of such EGRET
sources, upper limits on high energy gamma-ray emissions
from a number of sources were determined [102]. Two of
these sources, 3EG J13375029 and 3EG J22276122,
possessed measured excesses that were suggestive of
gamma-ray emission [103]. The upper limits placed on
these sources do not significantly constrain the EGRET
data. We consider the possibility that these spectra are
pionic and continue into the TeV regime. Spectral infor-
mation, cutoffs, and muon rates are given in Table III.
These would be readily detectable by IceCube. We note
that 3EG J22276122 is roughly coincident with a posi-
tion in the three-year AMANDA point source survey which
exhibits a modest excess of neutrino events [12]. A less
significant excess still appears in newer data [104]. In
general, a maximum likelihood analysis assuming the
spectrum and normalization of such bright EGRET
sources extended into the TeV range may prove useful
for neutrino searches. Future observations by GLAST,
VERITAS, and MAGIC will provide valuable additional
spectral information.
Recently, Milagro announced the detection of diffuse
TeV emission from a 600 deg2 patch of the Galactic
plane that contains ten unidentified EGRET point sources
[105]. This measurement places high energy constraints on
the spectra of these ten sources, as discussed in Ref. [36].
Consequently, these spectra, many of which are quite hard,
cannot all simply extrapolate to TeV energies. HEGRA
discovered an unidentified TeV source in this region, how-
ever, it can account for only a small fraction of the Milagro
flux [106]. Located in the northern sky, this region is
accessible to observations by IceCube. If this emission is
pionic and truly diffuse, then it would be very difficult to
detect through neutrino-induced muons [107]. Assuming
that the entire flux is instead divided among several point
sources, the expected muon rate can be calculated. A de-
tailed Milagro study of the Cygnus region revealed a
significant TeV flux [108]. Assigning all of the Milagro
3.5 TeV flux to a single source and extrapolating with a
typical   2:2 gamma-ray spectrum (out to 100 TeV), we
arrive at a limiting case for the possible neutrino emission
from the region. For a pionic spectrum, the calculated
-induced muon rate is NE > 1 TeV  2:3 yr1 in
IceCube. Future measurements of this region by Milagro,
GLAST, VERITAS, and MAGIC will determine whether
multiple sources contribute to this diffuse flux.
TABLE III. Two Unidentified EGRET Sources: Integrated
(  )-induced muon rates, assuming a pionic spectrum,
for a given E threshold and neutrino spectrum exponential
cutoff Ecut (in TeV), for 1 yr of IceCube operation. The assumed
differential photon flux at 1 TeV is given in terms of
1012 TeV1 cm2 s1, with spectral index .
Source   Ecut N>0:5 TeV N>1 TeV
3EG J13375029 20 2.2 10 4.1 2.5
50 6.9 4.7
3EG J22276122 10 2.0 10 3.0 1.9
50 5.5 4.0
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IX. DISCUSSION AND CONCLUSIONS
Upcoming neutrino telescopes will deliver the first di-
rect evidence concerning the production mechanism of
TeV gamma-ray sources. Following the pioneering
AMANDA [109] and Baikal [110] efforts, the next gen-
eration IceCube [6] and Mediterranean [7] km3 detectors
will reach the scale necessary to examine the Galactic
sources discussed here. Hadronic mechanisms would be
confirmed through neutrino detection, while a significant
absence of neutrino events would imply leptonic processes.
They will be able to probe the expected high energy
spectral cutoffs that would otherwise be unobservable. It
has been suggested that the cutoff in a SNR may evolve
with age [111]. Finding these cutoffs with neutrinos may
also yield valuable new information in this regard.
Combined, IceCube and a km3 Mediterranean detector
will provide continuous, all-sky coverage and can be used
together to detect neutrino-induced muons and showers
from TeV sources. The good angular resolution for muon
events can be used to precisely locate a source in neutrinos.
Showers, and contained muon events, provide accurate
reconstruction of the source spectrum at energies beyond
the reach of gamma-ray telescopes. These measurements
will provide important information concerning the origin
of high energy Galactic cosmic rays, potentially directly
observing the source population responsible for production
up to the knee at 3	 1015 eV.
The shell-type SNR Vela Jr. (RX J0852:04622) is an
intriguing prospective source of TeV neutrinos. The extent
and intensity of the TeV emission make this, as well as the
Vela complex as a whole, a unique target for neutrino
telescopes. The confirmation of hadronic/leptonic pro-
cesses through detection/nondetection of neutrino events
from Vela X and the possible detection of neutrinos
through shower events from the Vela SNR shell are excit-
ing possibilities.
While it is expected that other sources may eventually be
more compelling, only the Galactic Center diffuse emis-
sion can presently be claimed to possess a guaranteed
neutrino flux. The detection of this neutrino flux will give
further insight into the complex processes occurring in the
Galactic Center region. When we consider that, to date, no
high energy astrophysical neutrinos have ever been posi-
tively detected, the importance of such a guaranteed flux of
TeV neutrinos is difficult to overstate.
Included in the catalog of TeV sources are several that
remain unidentified. As more observations are undertaken
by the HESS, MAGIC, and VERITAS telescopes, this
number is expected to increase. Discovering neutrino
fluxes from these sources would provide invaluable infor-
mation concerning their nature. As new TeV gamma-ray
sources are discovered, the pool of potential TeV neutrino
sources increases. While some of these may not be signifi-
cant alone, when grouped into classes, stacking may in-
crease the potential for neutrino studies. An even larger
number of unidentified sources remains in the GeV regime
from EGRET observations. Many of these sources have
intense, hard spectra. If any of these sources, some of
which are visible to IceCube, have spectra that extrapolate
into the TeV regime and are pionic, they would have
abundant fluxes of neutrinos.
In summary, the prospects for the near-term first discov-
eries of Galactic TeV neutrino sources are very good.
Importantly, this conclusion is empirically based on the
measured spectra of bright Galactic TeV gamma-ray
sources. For some of these, there are very compelling
independent arguments that the observed gamma rays arise
from neutral pion decays, meaning that they must be
accompanied by neutrinos. It is essential to test this di-
rectly for these sources, as well as for others where the
possibility of neutrino emission is uncertain. We empha-
size the importance of using the measured muon energy
spectra to discriminate against the quickly falling atmos-
pheric neutrino backgrounds. For example, a single event
near 10 TeV from a source direction is almost certainly
signal, while an event near 1 TeV has a much higher
probability of being background. This fact alone could be
enough to help establish discovery. Because of the ampli-
fying factors of neutrino cross section and muon range,
neutrino detectors have better reach to the highest energies
in the source spectra, as compared to gamma-ray tele-
scopes, which can make precise measurements at lower
energies. This complementarity can be exploited to help
solve the long-standing puzzle of the origin of the Galactic
cosmic rays.
For all of the sources discussed here, the rates in km3
neutrino telescopes are relatively small, at most 1–10
events/year, though we have argued that even these small
rates could have a powerful impact. While it remains
possible that various uncertainties and detector limitations
may make these observations even more challenging, they
might also be better than described here. If the source
spectra extrapolate to higher energies than we have as-
sumed, or especially if the emitted TeV gamma-ray spectra
have been diminished by absorption in the sources, which
is quite possible, then the neutrino detection event rates
could be significantly larger than shown here. Given the
potentially unique power of neutrino astronomy, we can
only hope that nature has been so kind.
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